In most density functionals the energy is a functional of the electron density n(r ជ ) and a function of the nuclear positions R ជ i . We consider, a functional of both n(r ជ ) and the nuclear density (r ជ )ϭ ͚␦(r ជ ϪR ជ i ). In reducing the two Kohn-Sham equations, a classical mapping valid for interacting electrons is invoked. The exchange-correlation is nonlocal and free of self-interaction errors. As a challenging application, we calculate the equation of state and the shock Hugoniot of deuterium relevant to topical shock experiments. The calculated Hugoniot is quite close to the SESAME and path-integral Monte Carlo Hugoniots. We also treat the nonequilibrium case, which is extremely difficult for standard methods. Here the D ϩ are assumed to be hotter than the electrons, and lead to the soft Hugoniots similar to those seen in the laser-shock data. The softening arises from hot D ϩ -e pairs occurring close to the zero of the electron chemical potential. The disagreement occurs for temperatures T with ϳ0.8 eV ϽTϽϳ10 eV, and for densities 1.8Ͻr s Ͻϳ2, where the electron-sphere radius ͑in a.u.͒, r s ϭ(3/4n )
However a high degree of agreement exists in the independent laser-shock results. 11 We present first-principles results for the EOS and the Hugoniot of deuterium, using novel theoretical methods. Our method is computationally simple and uses simple integral equations and a basis-set free classical mapping of quantum systems using DFT ideas. We calculate all the pairdistribution functions ͑PDFs͒, g i j , with iϭ1,2,3; ͑or e ↑ , e ↓ , and D ϩ nuclei͒ of a three-component system. Being based on the PDFs, it is manifestly nonlocal ͑i.e., gradient corrections are not needed͒, and it has no self-interaction errors. The method can be used for the quasiequilibrium twotemperature case with T D T e as well. Consider the fluid with a D ϩ at the origin, and let the one-body densities of the electrons and D ϩ be n(r) and (r). Then n(r) is really n De (r)ϭn g De (r). Similarly, the (r) is really the mean nuclear desnity multiplied by the deuteron-deuteron PDF. The free energy F is a functional of the form F͓n(r),(r)͔. Taking functional derivatives, we have two coupled KohnSham-Mermin equations:
␦F͓n͑r͒,͑r͔͒/␦n͑r͒ϭ0, ͑1͒ ␦F͓n͑r͒,͑r͔͒/␦͑r͒ϭ0.
͑2͒
As shown in Refs. 12 and 13, Eq. ͑1͒ leads to a ͑quantum͒ Kohn-Sham ͑KS͒ equation for the electrons, while Eq. ͑2͒, a classical KS equation, becomes the hyper-netted-chain ͑HNC͒ 14 equation for a specific choice of the correlation potential ͑there being no exchange potential in the classical system͒. Thus the KS eigenfunctions, as well as the n(r), (r), in the hydrogen fluid were calculated by solving Eqs. ͑1͒ and ͑2͒.
12 In Car-Parrinello approaches the N ions at sites R ជ i are explicitly treated. By treating both electrons and ions via their distributions, we achieved a major simplification. Our hydrogen calculations were later confirmed by lengthy QMC. 15 However, while Eqs. ͑1͒ and ͑2͒ provide the g ie (r), g ii (r), iϭion, the g ee (r) was available only in LDA.
Recently, we showed how the electrons at the physical temperature T e could be replaced by an equivalent classical system at T ee ϭ(T e 2 ϩT q 2 ) 1/2 , such that the quantum effects are correctly incorporated. 16 A simple expression for the electron ''quantum temperature'' T q as a function of r s was given. Application of the method, denoted the ''Classical Mapping of Quantum Systems using the hyper-netted-chain equation ͑CHNC͒,'' to three-and two-dimensional uniform electron liquids at Tϭ0 and finite-T, showed excellent agreement of the g i j , energies, etc., with QMC results, for even very strongly coupled situations. 16 
Here i j (r) is the pair potential between species i, j. For e -e ͑or D ϩ -D ϩ ) this is just the Coulomb potential V cou (r). For parallel-spin electrons, the Pauli principle prevents occupation of the same orbital. As before, 16 we introduce a ''Pauli exclusion potential,'' P(r). Thus i j (r) becomes P(r)␦ i j ϩV cou (r), when i, j denote electrons. The function h(r) ϭg(r)Ϫ1. The c(r) is the ''direct correlation function ͑DCF͒'' of the OZ equations. The B i j (r) is the ''bridge'' term due to certain cluster interactions. If this is neglected, Eqs. ͑3͒ and ͑4͒ form a closed set defining the HNC approximation. ͑In effect, the KS equations become HNC equations if the correlation potentials are evaluated as a sum of hypernetted-chain diagrams.͒ The HNC is sufficient for the uniform 3D electron ͑3DEG͒ for a range of r s , up to r s ϭ50, as shown previously. 17 Hence we neglect the bridge corrections in this study of deuterium.
The P(r) is defined as in Ref. 16 from the zeroth-order PDFs of the parallel-spin electrons. Thus:
where, e.g., c 11 0 (r) is the spin-ʈ DCF of the OZ equation. Only the product ␤P(r) is needed.
The Coulomb potential V cou (r) for two point-charge electrons is 1/r. However, an electron at the temperature T is localized to within a thermal de Broglie length ͑dBL͒. Thus, for the 3DEG we used a ''diffraction corrected'' form, 19 V cou ee (r)ϭ(1/r)͓1Ϫe 21 Hence, at least in this regime of n and T, KohnSham NPA-DFT is not needed; we set:
The first equation is just the V cou with the rϭ0 value set to an inverse dBL for the D ϩ -e pair, k De , as in the e -e interaction. The dBL 1/k De contains only the electron contribution since the D ϩ is a classical particle. Thus only the T ee appears in k De ͑the effective mass of the D ϩ -e pair is m e , since the deuteron mass M D ӷm e ).
Finally, we solve the coupled set of CHNC equations to determine the six PDFs of the e,D ϩ system. The excess freeenergy F exc (r s ,T) is determined via a coupling-constant integration, as in Ref. 17 , for a range of r s and T. The total free energy F(r s ,T) is obtained by adding on the ideal electron and D ϩ contributions F 0 e ,F 0 D . The total pressure P and the total internal energy E are obtained as usual by P ϭ‫ץ‬F(r s ,T)/‫ץ‬V, where V is the volume, and E ϭ‫␤ץ‬F(r s ,T)/‫,␤ץ‬ where ␤ϭ1/T. In the regime of interest, i.e., 1.8Ͻr s Ͻ2.1, and 0.8 eVϽTϽ15, we find that F exc (r s ,T) is approximately linear, i.e., F exc (r s ,T)
ϭM(T)r s ϩC(T). The T dependence of M (T),C(T) is quite nonlinear. Figure 1 shows that M (T) changes character near
Tϭ6 eV, close to the zero of e .
Our P,E are compared with the PIMC data ͑MC͒ in Table  I , showing good agreement for TϾ2.75 eV. For lower T, our pressures are somewhat smaller.
The free energy F(r s ,T) is used to calculate the deuterium Hugoniot for the initial state, (E 0 ,V 0 , P 0 ), with T ϭ19.6 K and an initial density 0 ϭ0.171 g/cm 3 . The initial state E 0 ϭϪ15.886 eV per atom, and P 0 ϭ0. The results are shown in Fig. 2 . The CHNC Hugoniot, similar to PIMC, approaches SESAME at high T. A softening of the Hugoniot around 2 Mbar, not seen in the PIMC, is also noted. This appears near n and T where the interacting chemical potential e (r s ,T) passes through zero.
We can use the CHNC equations even when electrons and D ϩ are at two different temperatures, T e and T D . The shock is launched from an aluminum pusher; the shock acts on molecules initially around ϳ20 K. Consider a scenario where the shock energy transfers preferentially to the ions which become much hotter than the electrons. The velocity measurements begin after about 3 ns in the laser work, and after a longer time delay in the Sandia work. Landau-Spitzer theory would indicate that the D ϩ -e equilibriation occurs well within the experimental time scales. Simple estimates might give ϳ10 4 collisions within the time window of the experiments. However, the formation of coupled modes in plasmas with ⌫Ͼ1 strongly reduces the ion-electron equilibriation rate. 22 Experimental evidence exists for this point of view. 23 A compactly held screening charge at each ion would act like a neutral object which, while having a very hot deuteron at the center, would screen it from the cooler outer electrons. The effect could lower the electron-ion relaxation by an order of magnitude. 22, 23 If laser shock data were gathered at several time delays, the details of the relaxation would be available. In lieu of such relaxation results, here we assume that the D ϩ nuclei are about 5 eV hotter than the nominal electron temperature ͑i.e., T D ϭT e ϩ5 eV), except at the lowest temperatures. Using T e ,T D in the HNC equations as before, we have calculated a quasiequilibrium F exc (r s ,T e ,T D ) and a shock Hugoniot ͑quasiequilibrium concepts are discussed in Ref. 22͒. The resulting nonequilibrium Hugoniot is given in Fig. 2 .
The higher T D makes the D ϩ -e fluid more compressible. This appears counterintuitive if one considers only the D ϩ contribution. The quasifree energy F(r s ,T e ,T D ) consists of F e , F D , and F De . On setting T D ϾT e , the F D term taken alone reduces the compressibility, but the total compressibility is increased by the major role of the pair-term F De . As seen in Fig. 1 , the fluid is in a regime close to the e ϭ0 transition. Thus a higher T D increases T De and reduces the electron degeneracy even more, making it more compressible. When this effect is strong enough to offset the reduction of the compressibility from the ideal gas term of the hotter deuterons, a softening of the Hugoniot could result. In Fig. 2 we show a Hugoniot labeled NEQ0 where the ideal term P 0 was computed just as in the equilibrium Hugoniot, while in NEQ the full effect was included. Thus we see that except for the lowest temperatures, the contribution of the deuteron-electron pairs dominate.
Our explanation of the observed laser-shock Hugoniot emphasizes the equilibriation issue. Other factors like the planarity, constancy, and duration of the shock wave are also relevant. However, the present discussion strongly calls for experimental and theoretical equilibriation studies. The CHNC approach is numerically and computationally very simple and should be a handy tool in such studies in a variety of disciplines. This simplicity enabled us to tackle the calcu-TABLE I. The total pressure P ͑Mbar͒ and total energy E ͑eV͒, from the classical-map HNC ͑CHNC͒ approach, and the pathintegral Monte Carlo ͑PIMC͒ approach of Militzer and Ceperley ͑MC͒ at r s ϭ2.0, i.e., at a deuterium density of 0.6691 g/cm 3 . lation of a quasiequilibrium Hugoniot-a problem so far not addressed by other quantum calculations. All the calculations presented here used only very modest computational facilities. 24 Our computer codes may be remotely accessed by interested researchers by visiting our website. 25 In conclusion, we present a parameter-free calculation of the EOS of deuterium in the regime of densities and temperatures addressed by recent laser and magnetic shock experiments. Kohn-Sham calculations show the absence of atomic bound states in this regime. The analysis of the energy as a functional of the electron density and the nuclear density, together with the classical mapping of the electrons produced a very powerful but computationally simple method, applicable to equilibrium and quasiequilibrium systems. The equilibrium Hugoniot is in good agreement with other first-principles calculations. Calculations with the D ϩ ions hotter than the electrons by ϳ5 eV suggest that the anomalous Hugoniots of the laser experiments may result from hitherto unsuspected nonequilibrium effects which can be addressed via new time-delay experiments.
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